Live AMPA receptor staining followed by cell fixation
Live neurones were incubated with the anti-GluR1 antibody (1:200) in culture medium at 37°C for 10 min. Cells were then fixed in 4% Para formaldehyde in PBS for 15 min and permeabilized with 0.3% Triton X-100 for 1 min. After 3 washes in PBS plus 2% BSA, to block unspecific binding, cells were incubated for 60 min at RT with the secondary antibody anti-rabbit (Alexa 568, 1:1000). For pre-synaptic labelling cells were fixed and permeabilized as described and incubated with monoclonal Synapsin antibody (1 : 2000) for 60 min at RT followed by incubation with a secondary antibody, as described. Cells were washed and mounted in Moviol. Preparations were kept at 4°C until examination. Images were acquired using a confocal microscope and processed for qualitative and quantitative analyses with Metamorph-Software.
Single molecule optical microscopy
Cells were imaged at 35-37°C in an open chamber mounted onto an inverted microscope equipped with a 60x objective (NA = 1.35) or 100x objective (NA = 1.3).
QDs, Homer1C::DsRed and mitotrack labelling were detected by using a mercury lamp (excitation filter HQ500/20X (Mitotrack), 560RDF55 (QD) and appropriate emission filters (respectively HQ560/80M and 655WB20). Fluorescent images from QDs were obtained with an integration time of 33 ms with up to 2000 consecutive frames. Signals were recorded with a back-illuminated thinned CCD camera.
Quantum dot (QD) labelled GluR1-receptors were followed on randomly selected dendritic regions over up to 20 min total experimental time. Recording the synaptic marker over time revealed that the mobility of synapses was much slower in comparison to the mobility of the receptors (data not shown). Mobility of synapses themselves did not seem to affect our location method. An acquisition of the synaptic labelling before and after QD recording as well as QD fixed on the cover slip allowed us to compensate mechanical drifts of the stage, which would have lead to a false interpretation of receptor location.
3 determined empirically: 2-3 pixels for maximal position change between two frames and maximal dark periods of 25 frames.
MSD curves were calculated for reconnected trajectories of at least 100 frames. Diffusion coefficients were calculated by a linear fit of the first 4-8 points of the mean square displacement (MSD) plots versus time depending on the length of the trajectory within a certain compartment. The resolution limit for diffusion was 0.0075 μm 2 /s as determined by (4) .
Despite a higher precision of QD tracked trajectories, we used this value to compare diffusion values and immobile fractions with previous data obtained by using single molecule tracking (SMT, (3, 4) ). The resolution precision was ~ 40 nm. Dwell times of individual receptors given in the results were measured from trajectories where the entry and exit from the compartments could be identified.
In control conditions, we observed a slight time-dependent decrease in AMPARs mobility at extra-synaptic, but not synaptic, sites that could arise either from time dependent accumulation of QD-AMPARs in endocytic pits or additional binding of the QDs to immobilized receptors. GluR1 and GluR2-containing AMPARs displayed similar properties (not shown) (5) Statistics Statistical values are given as mean ± s.e.m or medians ± 25% / 75% interval, if not stated otherwise. Statistical significances were performed by using GraphPad Prism. Normal distributed datasets were tested by one way ANOVA variance-test followed by a NewmanKeuls-test to compare individual pairs of data. Non-Gaussian distributed data sets were tested by Kruskal-Wallis test followed by a Dunns test or Mann-Whitney test for paired observations. Cumulative distributions were tested using the Kolmogorov-Smirnov-test.
Indications of significant correspond to p-values < 0.05 (*), p < 0.005 (**) and p < 0.0005 (***). For paired recordings, neuron pairs for which the latency between the peak of the pre-synaptic action potential and the peak of the evoked excitatory postsynaptic currents (eEPSCs) is smaller than 4 ms were retained as monosynaptically coupled (6) . The pre-synaptic neuron was recorded in current-clamp (resting membrane potential -58.9 ± 1.2 mV). Spontaneous events were analysed by Minianalysis. Local activation of receptors was performed by iontophoresis of glutamate using an amplifier from NPI electronics. Pipettes for iontophoretic stimulation had resistances between 40-60 MΩ when filled with 150 mM sodium glutamate, pH 7.4. A small retaining current was needed to keep glutamate inside the pipette (usually between 10-50 nA). Current pulses between 30 and 600 nA and 1-2 ms duration were required to evoke AMPA receptor mediated currents between amplitude of 30-600 pA under control conditions. The paired pulse ratio was measured as the amplitude ratios between the first and second responses,
Extracellular field stimulation
Restricted fields of neurons (1-1.5 mm between electrodes) were stimulated at 5 Hz and 50 Hz. We used thin platin wires, which were isolated down to the tip and held within a theta-glass electrode. In total we applied 900 stimuli for each frequency in a regular pattern (1 s stimulus followed by 1 s pause). The length of a single stimulus was 1 ms and the stimulus current was varied between 2-5 mA. The stimulation electrode was connected to an isolation unit triggered by the patch amplifier.
outside-out recordings:
Outside-out patches were pulled from 14-16 DIV neurons. Internal solution contained (in mM): CsCl 130, MgCl 2 2, EGTA, 10, HEPES 10, Na2ATP, 4. Pipette resistance was 3.5-4.5 MΩ. After patch formation, the pipette was placed under the flow of a theta application pipette, containing HBS in one line, and in the other line HBS, 10 mM glutamate and 20 mM sucrose to clearly see the interface between solutions. The application pipette was immerged in the bath, heated to 37°C, for at least 1 cm. It is thus assumed that solutions were close to that temperature. Fast application was achieved with a piezo-electric manipulator (Burleigh).
After the recording, the application was controlled by measuring the junction current between the two solutions. To measure recovery from desensitization, it is important to verify that 1 ms applications effectively saturates receptors. We verified this by measuring the amplitude of the currents evoked by 1 or 100 ms applications. If the former was less than 80% of the latter, the recording was discarded (3/25 patches); on average, current amplitudes were 370 ± 100 pA (n = 15) for control and 470 ± 150 pA (n = 7) for treated neurons, and the amplitude ratio (1 ms / 100 ms) 0.97 ± 0.03 and 0.94 ± 0.03 for control and treated neurons, respectively.
Fluorescent Recovery After Photobleaching (FRAP):
For this experiments pHGFP::GluR1 and DsRed::Homer 1C co-transfected neurones (18-21 DIV) were placed on the heated stage (37 °C) of an inverted microscope and continually perfused with preheated (37 °C) extra-cellular solution (composition as described above). For low pH-solution HEPES was replaced by Mops and adjusted to pH 5.5. To test the population of surface pHGFP::GluR1 containing AMPAR of a particular cell we used a gravity driven rapid solution exchange using a theta-glass electrode containing low pH-solution in one and NH 4 Cl (50 mM) in the other channel to determine the ratio between the fluorescent intensities(7). Fluorescence was excited using a monochromator controlled by metamorph software (universal imaging, USA). To photobleach locally we used a Saphire laser 488-20 at 30 % power to avoid photo damage. The laser was coupled to the microscope via a galvometric mirror, which allowed us to photobleach several regions within a short time window. Recovery from photobleach was monitored by consecutive acquisition at 10 Hz acquisition rate. Recovery curves were corrected for continous photobleach and background noise as described elsewere (8) . 
Two-photon uncaging of MNI-Glutamate
Two-photon uncaging of MNI-Glutamate was carried out essentially as previously described (9) . Whole-cell recordings were carried out with the use of a multiclamp 700B amplifier, filtered at 2 KHz and digitized at 10 KHz. Liquid junction potentials and voltages were left uncompensated. The external solution was (in mM): 150 NaCl, 3 KCl, 2 CaCl2, 1. 
Methods to determine the endocytosis rate after electrical field stimulation
Recovery from desensitization (area independent) Time % resting re This X-link induced mobility reduction was specific to AMPARs because the mobility of a control protein consisting of GFP linked to a transmembrane segment was not affected (data not shown). (11) . We specifically analyzed the properties of receptors that only remain transiently colocalized with the synaptic marker. They could be sorted in three categories based on their diffusion behavior (Fig. 2d, S3 ). The first one (labelled pass) displayed a linear MSD, similar to extrasynaptic receptors (Fig. S3a, stars) , and a short dwell time over synapses (3.2 ± 0.6 s, n = 21). These receptors are likely extra-synaptic and simply optically colocalized with the stain. In the second category, receptors were transiently confined (curved MSDs) in the synapse (dwell time 5.7 ± 0.7 s, n = 27). The size of the confinement domain (mean radius = 241 ± 12 nm (SD), n = 24) was in agreement with single dyemolecule tracking (4), and with the average size of postsynaptic densities (PSD) determined by electron microscopy (12) . The instantaneous diffusion coefficient had the same magnitude as that of the extra-synaptic ones (Fig. S3b) and was fast enough to allow receptors to explore the whole PSD within ~ 2 seconds. Fast imaging at 100 Hz allowed visualizing that in 10 ms mobile receptors could travel hundreds of nanometers within synapses (Fig. 2f) . The third category consisted of synaptic AMPARs that were transiently immobilized (flat MSD, D < 0.0075 µm 2 /s). We mainly used Iontophoretic currents of ~100-200 nA / 1 ms to elicite AMPAR currents of 130.4 ± 11 pA (n = 37). This was a compromise to activate a large population of synaptic receptors and to minimize the activation of extra-synaptic ones.
e) Glutamate evoked current amplitude for synaptic and extra-synaptic location, difference was tested by using unpaired t-test, p < 0.0001, values are given as mean ± sem.
f) Decay-time of glutamate evoked current for synaptic and extra-synaptic location, difference was tested by using unpaired t-test, p < 0.05, values are given as mean ± sem. g) Rise-time of glutamate evoked current for synaptic and extra-synaptic location, difference was tested by using unpaired t-test, p < 0.05, values are given as mean ± sem. receptor movements were restricted to domains of 100 nm, with a 0.05 probability of escaping the domain, while instantaneous diffusion was maintained at 0.1 µm²/s. These parameters reproduce the level of confinement observed experimentally at synaptic sites (not shown). Note that confining the receptors decrease PPR to a level intermediate between that
Table S1
The table shows, as a function of the age of cultured neurons, the input resistance (R i ), the resting membrane potential (RMP), the action potential amplitude (AP Amp), the mEPSC rise-time (mEPSC t rise 20-80 %), the mEPSC decay-time (mEPSC t decay 20-80 %) and mEPSC frequency.
